BaFe 12−x Ga x O 19 (x ≤ 1.2) hexaferrites were synthesized via the usual ceramic technology. It has been established that with an increase in x, the unit cell and magnetic parameters monotonically decrease. The frequency of natural ferromagnetic resonance firstly decreases from 49.6 GHz down to 49.1 GHz when x = 0.6, and then it increases up to 50.5 GHz. The line width monotonically increases from 3.5 GHz up to 5 GHz. The peak amplitude of the resonant curve changes slightly with the exception of when x = 0.9, when it reaches −16 dB. The 1.3 GHz kOe −1 frequency shift in the bias field is more intensive for small values, when x = 0.3. The decreasing values of the magnetic parameters are a result of the dilution of Fe
Introduction
M-type hexagonal ferrites continue to attract the attention of researchers. 1 The problems caused by electromagnetic interference for high-frequency electronic devices working in the gigahertz range have lately received increasing attention. Among various microwave absorbing materials, barium and strontium ferrites with M-type hexagonal structures have been proved to be the most functional materials, due to the simultaneous presence of dielectric and magnetic losses. 2 These compounds are characterized by the coexistence of strong intrasublattice Heisenberg exchange interactions and weak competing intersublattice exchange interactions. The intrasublattice interactions appear to dominate and help form a ferrimagnetic structure with large magnetic parameters. Strong competing intersublattice exchange interactions can lead to non-collinear magnetic structures with small magnetic parameters, such as the saturation magnetic moment and coercitivity. 3 Interest in the M-type BaFe 12 O 19 barium ferrite with a hexagonal structure and its solid solutions substituted with different diamagnetic cations (Al 3+ , In 3+ , Ga 3+ , Sc 3+ , etc.) [4] [5] [6] is explained also by their good functional properties. 7 Their excellent chemical stability and corrosion resistance 8 make them ecologically safe and suitable for applications, practically without time restrictions. The combination of high coercive force (H c ∼ 160-55 kA m −1 ) with rather high residual induction allows them to be used as permanent magnets with satisfactory specific magnetic energy. 9 Their low conductivity (ρ ∼ 10 8 Ω cm) allows the application of hexaferrite magnets in the presence of high-frequency magnetic fields. For the first time, barium hexaferrite, isomorphic to PbO·6Fe 2 O 3 magnetoplumbite, was used by the Philips firm, 10 still in the 1950s. The main magnetic, electric and structural properties of hexaferrites are discussed in the review in ref. 11 . Until now barium hexaferrite was widely used only in permanent magnets, 12 high-frequency absorbers 13, 14 and high density magnetic storage with perpendicular magnetization. Recently, the significant growth in publications on M-type barium hexaferrites caused by the coexistence of ferrimagnetic and ferroelectric ordering at room temperature [16] [17] [18] [19] [20] [21] is also noted. M-type barium hexaferrites have prospective use for the absorption of electromagnetic radiation (EMR) in the microwave range, considering their magnetic properties and the possibilities of their modification through various substitutions, including with nanoparticles. There are works on the effective absorption of EMR using this material in the decimeter and centimeter spectral range 22 that show the electromagnetic compatibility of microelectronics and radio equipment devices.
The high values of the magnetocrystalline anisotropy and the ferrimagnetic-paramagnetic phase transition temperature are the main advantages of M-type barium hexaferrites. Collinear ferrimagnetic ordering with a Curie temperature of ∼740 K is formed in M-type barium hexaferrite. The change in the magnetic bond number of Fe 3+ cations in the multicomponent oxidic system caused by the introduction into the crystal structure of diamagnetic cations 23 or by the creation of a deviation from stoichiometry on oxygen 24 allows the operation of its functional properties. An analysis of M-type barium hexaferrite properties in the microwave range shows that the working range -the range of effective EMR absorption -lies in the centimeter spectral range. 25 The application of substituted M-type barium hexaferrites with a large constant of magnetocrystalline anisotropy as fillers in composite materials allows for the frequency selective absorption of EMR, using the controlled resonances of domain boundaries and the rotation of magnetization (natural ferromagnetic resonance, NFR). It is known that the absorption peak of BaFe 12 O 19 M-type barium hexaferrite lies in the range of ∼47-50 GHz, 26 whereas the substitution of the iron cations with Mn 2+ , Co 2+ and Ti 4+ cations reduces the absorption maximum down to 13.4 GHz. 5 It is considered that losses at high frequencies are generally caused by NFR. It is possible to displace the absorption peak and to expand the absorption strip in the microwave range through control at the diamagnetic substitution level. Ferrimagnetic resonance measurements were made at room temperature on polished spheres of about 0.3 mm size for Al, Ga and Sc substituted BaFe 12 O 19 hexaferrites at frequencies between 3 GHz and 90 GHz. 27 From these measurements, the values of the anisotropy field from nearly zero up to 29 kOe were found for Sc-substitution levels x ≤ 1.65 and for Al levels x ≤ 2, respectively. The observed FMR linewidth ΔH can be described from a frequency independent two-magnon scattering contribution ranging between 5 Oe and 10 Oe, being, for the substitutions studied, proportional to the reciprocal of the Curie temperature. A relation predicting the dependence of ΔH on frequency and substitution level is proposed. In this paper, the absorption parameters for weakly substituted barium hexaferrites are investigated. The results of this work can find application in ensuring intrasystem and intersystem electromagnetic compatibility and also in ensuring the operational reliability of devices and equipment under conditions of increased levels of microwave influence, due to the selective absorption of EMR over the set range of frequencies. 28 The initial compositions were exposed to firing in air at 1200°C (6 h), and were then sintered at 1300°C (6 h). After sintering, the samples were slowly cooled (∼100°C h −1 ).
Experimental technique
The crystal structures of the obtained samples were investigated using X-ray diffraction, which was carried out on a powder D8 Advance diffractometer (Bruker) with the following parameters: 40 kV, 40 mA, Cu-K α radiation (λ = 1.5406 Å). For the XRD measurements, the Δ2θ step size is 0.03°and the integration time is ∼10 s. The refinement of the X-ray diffraction data was carried out using Rietveld full profile analysis, 29 by means of the FullProf 30 program.
In the present paper, the oxygen content and temperature stability of the oxygen sublattice were investigated using thermogravimetric analysis (TGA). 31 There is a lack of information about the oxygen content of ferrites, especially hexaferrites. It is generally accepted that for any interpretation of the properties of magnetic oxides, knowledge of the oxygen stoichiometry is critical. 32 TGA studies have shown that the relative error in the oxygen content of the investigated hexaferrites is less than 0.6% mol. Their oxygen content may be written as "O 18.9±0.1 " for all substitution concentrations. 33 The oxygen content remains stable up to 1000°C. It has been shown in many papers that the magnetic behavior in oxygen deficient oxides changes dramatically with anionic deficiency.
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The DC-susceptibility and specific magnetization were investigated using a universal cryogenic high-field measuring system (Liquid Helium Free High Field Measuring System, Cryogenic Ltd, London, UK) at a temperature of 300 K in external magnetic fields up to 2 T (field curves) and in a low field of 0.01 T over the temperature range of 4-750 K (temperature curves). 35 The magnetic measurements were made using polycrystalline samples with average sizes of 2 × 3 × 5 mm 3 . The spontaneous magnetization was determined from the field magnetization curve via linear extrapolation to a zero field. The ferrimagnetic-paramagnetic phase transition temperature -the Curie temperature -was defined as the inflection point on the temperature curve. This point is equivalent to the point of a minimum derivative of temperature (min{dχ/dT}). At the point of the derivative minimum, the behavior of the temperature curve changes from "curved up" to "curved down", which corresponds to a transition from a fast decrease to a slow one. 36 Measurements of the absorbing properties were performed over the range of 36-56 GHz. The sample was located in a metal wave guide with a cross-section of 5.2 × 2.6 mm 2 . The measurements were taken using a P2-68 scalar analyzer. The bias field was parallel to the electric field in the wave guide. The k tr transmission and k ref reflection coefficients are defined as:
where P inc is the incident EMR power, P tr is the transmission EMR power and P ref is the reflection EMR power. The k tr transmission and k ref reflection coefficients are negative, which indicates a reduction in the transmitted and reflected EMR power in relation to the incident EMR power, and they are measured in dB. (1.52-2.03), the goodness-of-fit quality factor, suggest that the studied sample is of good quality and that the refinements of the X-ray data have been effective. The a and c unit cell parameters are almost linear and they slightly decrease. In Fig. 2 positions. For the c parameter, a slight deviation from Vegard's rule (Fig. 2a) is observed, which is due to the likely removal of the initial strain of the unit cell upon substitution. The initial strain occurs as a consequence of the rapid cooling of the ceramic after synthesis. The initial strain can be removed via substitution, as the ionic radius of the Ga 3+ cation is slightly smaller than the ionic radius of the Fe 3+ cation.
Results and discussion
The model of the magnetic structure of barium hexaferrite proposed by Gorter 41 Table 1 . As is shown, as the substitution level increases, the 4 bond lengths Fe2-O3, Fe3-O2, Fe4-O5 and Fe5-O1 decrease, while the remaining 5 bond lengths, Fe1-O4, Fe2-O1, Fe3-O4, Fe4-O3 and Fe5-O2, increase. The 3 bond angles Fe2-O3-Fe4, Fe5-O2-Fe5 and Fe5-O4-Fe5 decrease, while the other 3 bond angles, Fe3-O4-Fe5, Fe4-O3-Fe4 and Fe5-O1-Fe5, increase.
The samples had densities of >98%, with an average size of ∼850 nm for the crystallites. The individual crystallites had the shape of regular planar hexagons (Fig. 3) . The crystallites combine and form the entire ceramic. The crystallite sizes had certain differences. The grain size variation interval was between 0.223 and 1.279 µm for BaFe 11.9 Ga 0.1 O 19 . For this sample, 52.4% of the crystallites had a size variation from 0.740 µm to 0.860 µm. Crystallites with a size smaller than 0.170 µm or larger than 1.400 µm were not detected. The precise value of the average crystallite size for this sample, from quantitative stereologic analysis, was 〈D〉 ≈ 0.873 μM. With the substitution level increasing up to x = 1.2, the average crystallite size increased up to ∼950 nm.
Upon substitution, microstrains in the crystal lattice and associated changes in the strain energy arise because of differences between the ionic radii of iron and gallium. Information regarding the microstrain was obtained from the diffraction line broadening. The dependencies of the W 2 reflection-halfwidth square versus the d 2 interplanar spacing square for the different substitution levels were examined at room temperature. This dependence is the approximating function. The line broadening increased as the substitution level increased. The full width at half maximum of the diffraction line was described as in ref. 39 . The true physical contribution to the line broadening was determined using the FullProf program and was calculated as the difference in widths between the experimental samples and an Al 2 O 3 standard. In the ferrimagnetic crystals, separate sublattices make different contributions to the general strain. Besides, the local environment symmetry of the magnetic cations in ferrimagnetic crystals differs from the macroscopic symmetry. This leads to an increase in the microscopic parameter numbers in comparison with the macroscopic ones. The slope of the approximating function increases as the substitution level increases. This behavior indicates that the microstrain increases in the crystallites.
The dependence of the microstrain value on the substitution level for the studied samples is shown in Fig. 4 . The calculation of the microstrain was performed using an isotropic approximation, with size effects absent. The minimum microstrain is observed for the BaFe 11.9 Ga 0.1 O 19 sample. The growth of microstrain with substitution level increase is associated Table 1 Values of the main bond lengths and bond angles for BaFe 12−x Ga x O 19 (x = 0.1; 0.3; 0.6; 0.9; and 1.2) solid solutions at 300 K Bond length/angle x = 0.1
Fe1-O4, Å The reciprocal susceptibility is given in Fig. 5b . For all the samples, only positive values of the Θ p paramagnetic Curie temperature are observed. This fact indicates the dominant character of the intrasublattice ferromagnetic exchange interactions. The Θ p paramagnetic Curie temperature is an exchange parameter which determines the intensity of exchange interactions. For isotropic compounds with low uniaxial anisotropy, the T C Curie temperature is almost equal to the Θ p paramagnetic Curie temperature, T C ∼ Θ p . The high temperature susceptibility for all the samples obeys the modified Curie-Weiss law, χ = C/(T − Θ p ) γ .
For ferrimagnetic hexaferrite at temperatures slightly above T C (T > T C ), the 1/χ(T ) reciprocal value of the magnetic susceptibility has hyperbolic form, and only at temperatures much higher than T C (T ≫ T C ) does it obey the Curie-Weiss law, i.e., it degenerates into a straight line. The hyperbolic temperature behavior of the reciprocal susceptibility at T > T C for the hexaferrite is a result of the effects of uniaxial exchange anisotropy. At temperatures slightly above T C in the hexaferrite, magnetic sublattices still exist. At the same time one of the sublattices is strong. Its magnetization is directed along the external B magnetic field. Other sublattices are weak. The magnetization of these sublattices is directed opposite to the external B magnetic field. As a result, in addition to the ferromagnetic paraprocess in the strong sublattice, antiferromagnetic paraprocesses in the weak sublattices occur. These antiferromagnetic paraprocesses in the weak sublattices lead to an underestimation of the value of the 1/χ(T ) reciprocal susceptibility for the hexaferrite in the T > T C region.
The effective magnetic moment 43 of the Fe 3+ cation has been experimentally detected. It has been determined according to the relation µ eff = (3k B C/n) 1/2 , where k B is the Boltzmann 19 samples from the field dependence indicates a decrease in the maximum magnetic energy as the substitution level increases. From Fig. 6 we can see that the largest initial susceptibility is observed for the sample with x = 0.3. The smallest initial susceptibility is observed for x = 0.1. The maximum value of the differential susceptibility decreases monotonically as the substitution level increases. Substitution by Ga 3+ cations leads to a weakening of the stiffness of the intrasublattice Fe 3+ -O 2− -Fe 3+ superexchange interactions. This in turn leads to an increase in the initial magnetic susceptibility. However, the removal of the initial strain of the crystal structure with substitution increase prevents weakening of the stiffness of the superexchange interactions. Therefore the growth of the initial susceptibility is nonmonotonic. The H max induction value of the external magnetic field, at which the χ max = χ(H max ) maximum value of the differential susceptibility is observed, decreases almost monotonically, excluding the x = 0.6 sample. We have summarized the main magnetic characteristics in Fig. 7 . As the substitution level increases, all the magnetic parameters decrease, showing a trend. Almost all of these magnetic parameters monotonically decrease. The T C Curie temperature and Θ p paramagnetic Curie temperature are close. The latter is somewhat larger than the former (Fig. 7a and b) . This indicates that strong positive Fe 3+ -O 2− -Fe 3+ superexchange interactions still exist in the different magnetic sublattices with the growth in substitution. The µ permeability is determined from the χ susceptibility as µ = 1 + 4πχ. The B max induction value of the external magnetic field at which the µ permeability reaches the µ max maximum value, µ max = µ(B max ), decreases from ∼0.3 T down to ∼0.05 T (Fig. 7c) . One should pay attention to the change in the B max maximum magnetic induction. This value decreases nonmonotonically with the substitution level increase. So, for the x = 0.3 sample this value decreases down to ∼0.08 T, and for the x = 0.6 sample it increases up to ∼0.2 T. It appears to oscillate with the substitution level increase. However, it decreases as a trend. Such behavior of B max can be caused by the quality of the ceramic, i.e., from the significant increase in the density of the ceramics and the value of microstrain for the x = 0.3 sample.
The largest µ max maximum permeability equal to ∼2850 in a field of ∼0.3 T is observed for the x = 0.1 sample (Fig. 7d) . The smallest µ max maximum permeability equal to ∼1500 in a field of ∼0.05 T is observed for the x = 1.2 sample. It is noted that there is a monotonic decrease in remnant magnetization and coercivity ( Fig. 7e and f ) . The M S spontaneous magnetization monotonically decreases from ∼56 emu g −1 when x = 0.1 down to ∼30 emu g −1 for when x = 1.2. The H C coercivity decreases from ∼2.2 kOe for x = 0.1 down to ∼0.5 kOe for x = 1.2 The lack of abrupt anomalies, i.e. deviations from the linear dependence of the magnetic energy decrease as the substitution level increases, on the temperature and field dependencies of the specific magnetization can be in favor of indicating the statistical distribution of Ga 3+ cations between different nonequivalent crystallographic positions in the structure of the M-type barium hexaferrite. In ref. 44 the expression determining the energy value of the electromagnetic radiation absorbed in a material is obtained. The E abs absorbed energy is proportional to the sum of the imaginary parts of the ε″ permittivity and μ″ permeability as well as the frequency of the electromagnetic oscillations, i.e., it is determined by dielectric and magnetic losses. It is well known that the μ{ε} total complex permeability is determined as μ{ε} = μ′{ε′} + ιμ″{ε″}. This implies that upon the interaction of real materials with an electromagnetic field there are losses due to both μ″ magnetic losses and ε″ dielectric losses. The last category includes conduction currents and dielectric hysteresis phenomena that are taken into account by the permittivity. In the same work, 44 it is shown that the absorption of electromagnetic energy in ferromagnetic materials is generally defined by the μ″ magnetic losses, as a result of natural ferromagnetic resonance (NFR) 45 and the resonance of domain borders. In Fig. 8 , EMR transmission spectra through samples with different concentrations of Ga 3+ cations, including in different bias fields, are presented. In the 46-50 GHz frequency range the most intensive absorption of electromagnetic waves caused by the NFR phenomenon is observed. The abscissa value of the global minimum of the EMR transmission spectrum determines f res , the resonant frequency of transmission. The ordinate value of the global minimum of the EMR transmission spectrum determines, A res , the resonant amplitude of transmission. The global minimum width value measured at A res /2, half of the resonant amplitude, determines the width of the W res absorption band -the bandwidth. From Fig. 8 it is shown that all these three quantities are sensitive to the substitution level. The power of the transmission radiation decreases almost by 100 times. The bias field also changes the amplitude-frequency characteristics of the NFR. The samples with a low substitution level are more sensitive to the bias field. At small values of bias field, a resonant frequency shift towards major frequencies is observed as a consequence of the increase of the internal effective anisotropy field. Upon this, the amplitude of the EMR transmission curve changes slightly. However, upon biasing the BaFe 10.8 Ga 1.2 O 19 sample with the maximum substitution level, the amplitude of the EMR transmission curve also increases together with a NFR frequency increase (see Fig. 8c ). The increase in the A res resonant amplitude occurs up to a bias field of 1.5 kOe, and then the amplitude begins to decrease, corresponding to the behavior of the imaginary part of the permeability for the hexaferrite at the ferromagnetic resonance.
From Fig. 9 it is shown that as the substitution level increases, the value of the NFR frequency firstly decreases up to x = 0.6, and then its value increases. At x = 1.2, its value reaches a maximum f res value of 50.5 GHz (Fig. 9a) . The A res resonant amplitude changes non-monotonically. At x = 0.6, the minimum value of the resonant amplitude A res of −18.5 dB (Fig. 9b) is observed. The W res absorption band increases monotonically as the substitution level increases, and at x = 1.2 it reaches a maximum W res value of 5 GHz (Fig. 9c) .
The substitution of Fe 3+ cations by Ga 3+ cations up to x = 0.6 leads to a weakening of the stiffness of the intrasublattice
-Fe 3+ superexchange interactions. This decreases the f res resonant frequency and the A res resonant amplitude. However, removing the initial strain of the crystal structure as the substitution level increases up to x = 1.2 prevents the weaken- ing of the stiffness of the superexchange interactions. And the f res resonant frequency and A res resonant amplitude decrease. The sharp increase in the A res resonant amplitude for the x = 0.9 sample may be associated with a non-uniform distribution of Ga 3+ cations over nonequivalent crystallographic positions. And as a result of this non-uniform distribution of Ga 3+ cations, a sharp decrease in the uniaxial exchange anisotropy is observed. Therefore, the substitution level increase leads to the non-monotonic behavior of the amplitudefrequency characteristics of the natural ferromagnetic resonance. The decrease in uniaxial exchange anisotropy has no appreciable effect on the W res absorption band and then it monotonically increases. The dashed lines in Fig. 9 indicate the fitting of the experimental values by a second order polynomial of the y(x) = A*x 2 + B*x + C type. The dotted line in Fig. 9b indicates the fitting of the experimental values by a third order polynomial of the y(x) = D*x 2 + E*x 2 + F*x + G type. The interesting case is the case relating to the A res resonant amplitude for the x = 0.9 sample. This sample had a large −16 dB value for the A res resonant amplitude. So an attempt has been made to describe the concentration dependence of the A res resonant amplitude using polynomials of two kinds, both second and third order. In Fig. 10 the frequency dependence of the reflection loss is presented in decibels for the BaFe 10.8 Ga 1.2 O 19 sample, including in different bias fields measured using the matched load mode. This dependence has difficult behavior to explain. It is possible to note that as the bias field increases, the losses increase, and in a field of 5 kOe the minimum value for k ref of −33 dB is reached. The reflected EMR energy decreases by more than 3 orders. A further increase in the bias field leads to a decrease in the resonant curve intensity. Upon this, the frequency of the resonant curve of reflection loss almost doesn't change.
In Fig. 11 , the dependence of the NFR frequency for the studied samples on the bias field is presented. An increase in the resonant frequency as the bias field increases is observed since the internal anisotropy field increases. This dependency has almost linear behavior for all the samples. The resonant frequency is most sensitive to the bias field for samples with a small Ga 3+ cation concentration. While for almost all the samples the resonant frequency increases approximately to 1.5 GHz as the bias field increases to 1 kOe, for the sample with x = 0.1 the resonant frequency increases to 2.2 GHz. In the search for materials which are effectively working in the microwave range, the region involving NFR is of the greatest interest. Ferromagnetic resonance leads to energy losses in the electromagnetic field, which are a result of a number of processes such as cation spin precession for ferro-or ferrimagnets, connected with additional fluctuations of the crystal lattice sites. 46 The spin precession from NFR occurs under the influence of internal local magnetic fields as a result of their own magnetic anisotropy. 47 The M magnetization vector precesses around the easy direction so as if it is affected by a magnetic field -the anisotropy field. The physical principles responsible for the NFR losses are the same as for the induced ferromagnetic resonance. These are the additional fluctuations of the crystal lattice sites of the hexaferrite under the influence of spin waves. The interaction of spin waves with a crystal lattice leads to the fact that a part of the external alternating field energy excites thermal spin precession, and hence the spin waves, turning into thermal fluctuations of the lattice. Upon this, the NFR frequency is defined as the rotational stiffness of the magnetization vector in the plane of the easy direction and the rotational stiffness out of this plane. established that there is a decrease in the saturation magnetization, Curie temperature and magnetocrystalline anisotropy that is connected with a reduction in the number of magnetic cations. The decrease in the resonant frequency is a consequence of the anisotropy field decrease. However, substitution by Al 3+ cations, along with a decrease in the saturation magnetization and Curie temperature, leads to an increase in the resonant frequency that is connected with an increase in the magnetocrystalline anisotropy field. 50 An increase in the resonant frequency is also noted upon an increase in the substitution level by Cr 3+ cations for barium and strontium hexaferrites. 51 An analysis 52 of the amplitude-frequency characteristics of absorption losses in substituted hexaferrites shows the opportunity to control the NFR frequency and frequency shifts through changes in the x substitution level. It is proposed 53 to approximate resonant frequency changes versus the Ti 3+ and Co 3+ cation concentration for x = 0-3.5 using a polynomial of second order in the following form:
where x is the substitution level, f res (x) and f res (0) are the resonant frequencies for samples with x and 0 substitution levels, A = −1.9 and B = −4.2.
In our case, the concentration dependence of the resonant frequency is non-monotonic and it also characterized by a minimum at x = 0.6. This dependence can be well approximated using a polynomial of second order in the following form:
This means that the resonant frequency firstly decreases with a substitution level increase up to x ≈ 0.55, and then it increases. Such concentration behavior is observed for the monotonic decrease of magnetic parameters such as the Curie temperature, spontaneous magnetization and coercive force with the growth of Ga 3+ cation concentration. 54 As the substitution level increases, the spontaneous magnetization decreases, while the magnetocrystalline anisotropy field increases. At low (x ≤ 0.3) substitution values, the magnetization decrease leads to an increase in the initial susceptibility and permeability. The magnetization decrease dominates the increase in the magnetocrystalline anisotropy. Thus the increase in the f res resonant frequency at x ≥ 0.6 is caused by an increase in the magnetocrystalline anisotropy. Substitution up to x = 0.6 leads to a weakening of the stiffness of the intrasublattice Fe 3+ -O 2− -Fe 3+ superexchange interactions. The f res resonant frequency and the A res resonant amplitude decrease as a result of weakening stiffness in the exchange interactions.
The main role in the W res line broadening is played by static inhomogeneities such as impurity cations. As the substitution increases, the W res line widths monotonically increase. As the samples have been obtained at the same time and using identical technology, they have identical morphologies in their crystallites. Therefore it is possible to assume that the contribution to the EMR absorption by domain border resonance is not of important value. It poorly depends on the substitution concentration. 55 The k abs EMR absorption coefficient can be calculated from the experimentally obtained k tr transmission and k ref reflection coefficients, taking into account the energy conservation law using the formula: k abs ¼ 10 lgð1 À 10 0:1ktr À 10 0:1kref Þ; ð4Þ
All the coefficients are negative, which indicates the reduction of the EMR energy after interaction with the substance. Moreover in practice it is necessary to obtain greatly negative values of the k tr transmission and k ref reflection coefficients, to achieve significant weakening of the transmitted and reflected EMR energies. 56 For this, the k abs EMR absorption coefficient will be slightly negative. In our case, the absorption coefficient in a zero bias field is k 0 abs = −0.09. In a bias field of 5 kOe, the absorption coefficient increases up to k 5 abs = −0.05. This indicates that almost all the incident EMR energy is absorbed, and in a field of 5 kOe the absorption maximum is observed. Such substances with large negative values of k tr transmission and k ref reflection coefficients, and small negative values of k abs absorption coefficient have good prospects for the creation of a protective antiradar covering of air force objects according to "Stealth" technology. [57] [58] [59] 
Conclusions
Investigations into the crystal structures of BaFe 12−x Ga x O 19 (x = 0.1; 0.3; 0.6; 0.9; and 1.2) solid solutions of ceramic samples are conducted using the X-ray diffraction method with Cu-K α radiation. All the studied compositions correspond to singlephase samples with a hexagonal crystal structure and P6 3 /mmc space group of symmetry. The isotropic and almost linear reduction of the unit cell parameters is caused by the statistical distribution of diamagnetic substitution cations throughout all the ionic positions, such as octahedral, tetrahedral and bipyramidal anion surroundings, because of the proximities of the ionic radii of Fe 3+ (0.64 Å) and Ga 3+ (0.62 Å). The ferri- cations throughout all the sublattices in the structure. The conducted research into the absorbing properties has shown the noticeable influence of diamagnetic substitution on the microwave characteristics of the studied samples. As the substitution level increases, the NFR frequency firstly decreases from 49.6 GHz down to 49.2 GHz at x = 0.6 and then the NFR frequency increases up to 50.6 GHz at x = 1.2. Upon this, the intensity of the resonant curves changes slightly. The application of a bias field considerably shifts the resonant frequency of the samples at small Ga 3+ cation concentrations towards major frequencies. The substitution of the Fe 3+ cations by Ga 3+ cations increases the frequency range over which the intensive absorption of electromagnetic energy is observed, as is required for protective antiradar shielding from microwave radiation.
